Abstract. We have analyzed data from an experiment over the Madrid (Spain) area obtained from 5 GPS receivers and 3 Water Vapor Radiometers (WVR), in order to compare their retrievals of Tropospheric Slant Delays. For this purpose we have tted a simple gradient model to both types of data, using a Kalman lter to account for the temporal variability of the zenith and gradient parameters. We show that the retrieved gradients with the two instruments are compatible, thus suggesting that the derived slant delays can be useful for tomographic analysis. We compare the estimates of ZWD obtained with the GIPSY and the Bernese software packages. Finally, we compare the estimated gradients with those obtained with HIRLAM, a Numerical Weather Prediction model. 
Introduction
An important goal for the GPS research community is to test the limits of the geophysical measurement techniques derived from this technology. Both the troposphere and the ionosphere, for instance, have been an object of intense research using the fact that GPS signals are susceptible to the atmospheric gas distribution: at GPS frequencies the atmospheric index of refraction is di erent from unity. This, tied to the high precision of the GPS system, has opened a wide door to study some atmospheric phenomena. The neutral atmosphere (characterized by a non-dispersive index of refraction) is the object of the present study.
The refractiviy of the neutral atmosphere at radio frequencies is given approximately by N 77:6P=T + 3:73 10 5 P w =T 2 N dry + N wet , where P is the total pressure, P w is the water vapor partial pressure (both in mb), and T is the temperature (in K). Ignoring ionospheric e ects (which can be removed by making use of their dispersive nature), the total delay corresponding to a ray crossing the atmosphere is given by L = G + L N + noise; (1) with L N = 10 ?6 R N dl + S ? G: Here G is the straight line geometrical distance between the satellite and receiver and S is the path length along the ray Bevis et al. 1992] . In order to estimate Zenith Total Delay (ZTD) mapping functions are needed, because GPS measurements are taken along the line sight from the ground station to the satellite, and this, in general, is not in the zenith direction. Mapping functions model the dependence of the tropospheric delay on satellite elevation, making some assumptions about the tropospheric gas distribution. In the past, an azimuthally symmetric model was always employed, and the elevation dependent slant delay approximated by L N (e) T dry z m dry (e) +T wet z m wet (e), where m wet (e) and m dry (e) are the elevation mapping functions. Tropospheric delay gradient estimation is now possible, as we discuss below, and we intend to validate the estimated gradients by comparing them to WVR data.
Two types of gradients will be considered in the following discussion. Let the atmospheric refractivity be given by N(~ ; z) = N 0 (z) + r~ N(z;~ )j~ =0 ~ (2) where z is the height coordinate and~ the horizontal displacement vector, and de ne r~ N(z;~ )j~ =0 g(z). The slant-delay gradient estimated at one site (called sd-gradient henceforth),G = (G N ; G E ), is related to the delay in the GPS signal due to the tropospheric gradient by D(e;^ ) = m (e) cot e G N cos + G E sin ]; Cucurull, B. Navascues, G. Ru ni, A. Rius, P. El osegui, \The global positioning system as a tool for validation of numerical weather prediction systems", in preparation).
Another consequence of an exponential vertical distribution of water vapor is the idea of normalization. This is the idea that the ZWD time series at di erent heights at near places can be approximately extrapolated from the time series at a reference place: w i (t) = w 0 (t)e ?(h i ?h 0 )=H , where h i ? h 0 is the di erence in heights. To nd the WV scale height H, we minimized the functional
using the Madrid network data, with the result H = 1:31 km (with = 0:35 cm). We have used this lapse rate for the vertical gradient comparisons.
GPS Campaign
In the main campaign (December 1996), we deployed ve Trimble geodetic GPS receiver systems (called ROBL, ESCO, VILA, IGNE and VALD) near the Madrid area, Spain, on December 2-15, 1996, with inter-site separations from 5 to 50 km El osegui et al. 1998a] (see Figure 1 ). GPS observations consisted of data streams of undi erenced dual-frequency carrier-phase and pseudo-range measurements from 6 to 8 satellites, obtained at least every 30 seconds. Here we concentrate mainly on the measurements at the ESCO ROBL and VILA sites, since at those locations we also deployed WVRs.
In another, earlier, campaign (April 1996) we also obtained GPS and WVR data from the same area. We will discuss below the main highlights from that experiment, and concentrate on the December 1996 campaign thereafter.
The GIPSY/OASIS-II (v.4) software package Webb et al. 1993 ] (Gipsy), developed at JPL, has been used to estimate ZTD at the ve GPS sites with a precision of 5 mm. This software, developed for positioning of GPS receivers, uses GPS delay data to estimate the receiver clock corrections, and model the zenith atmospheric delay using a mapping function (the Niell mapping function was used here Niell 1996] . Estimates of the satellite clock corrections and orbits were provided by the IGS and JPL, as well as consistent earth-rotation parameters. Gipsy uses a kalman ltering technique to model time-dependent observables, such as the ZTD. The tropospheric delay was modeled as a random walk, 2 = d 2 t, with a drift rate of d = 0.25 cm= p h. This drift rate was chosen to be consistent with ZWD measurements of a colocated WVR during the April 1996 campaign, which indicated that it was just large enough to account for ZWD variability. The drift rate for the gradient parameters was 0:03 cm= p h. We used a cut-o elevation angle of 10 o .
The dry part of the delay can be estimated well (to less than 0.1 mm of PW) if surface pressure is known to within 0.5 mb. We have used pressure estimates produced by HIRLAM. Phase pattern corrections for the antennas were also included in the analysis.
We have also analyzed the December 1996 campaign GPS data using the Bernese software package, and although we will focus on Gipsy's results thereafter we discuss brie y here the Bernese approach and results for completeness. Bernese 4.0 Rothacker et al. 1996 ] uses double di erences as basic observables for processing. With two receivers of a local GPS network it is possible to estimate relative changes of ZWD between the stations. However, the absolute tropospheric parameters recovered at closely spaced stations are highly correlated. Furthermore, di erencing of phase observations between satellites and stations, which is performed in the GPS analysis to cancel unmodelable variations of the clock oscillators, reduces the sensitivity to the absolute values of station, orbital, and atmospheric parameters. These problems can be overcome by incorporating widely separated stations (> 500 km) into the GPS network. These can then receive the satellite signals at signi cantly di erent elevation angles. The introduction of such long baselines reduces the correlation of tropospheric parameters within the network and therefore allows absolute estimations of ZWD Bevis et al. 1992; Duan 1996; Sierk et al. 1997] . We introduced observations from remote (up to 1800 km) IGS stations in the geodetic inversion to reduce correlations between position and tropospheric parameters. In this way the absolute (and not just relative) values of the ZWD parameters could be estimated directly. Precise orbits and satellite clocks from the IGS were used to achieve the highest precision. 95% of the ambiguities on short baselines (8{28 km) and 75% on long baselines (400{1800 km) were resolved. Coordinates from the campaign stations were estimated while the IGS stations were kept xed to the ITRF94 reference extrapolated to December 1996. An average of the 14 daily coordinate solutions was calculated with an RMS of 2 and 6 mm in the horizontal and vertical components respectively. The estimation of tropospheric parameters was carried out within a time interval of 15 minutes, in which all measurement were used to estimate the total delay mapped to the zenith by the method of least squares. This analysis scheme was applied with loose constraints on the tropospheric parameters whereas the coordinates were kept xed. In gure 2 we show the result for Bernese and Gipsy ZTD for the ESCO site, showing good agreement.
Water Vapor Radiometry
Three dual-channel water vapor radiometers (WVR) from ETH Zurich and IfAG Wettzell were used in the experiment. With these instruments, which were designed as transportable radiometric systems for geodetic eld applications, the tropospheric path delay can be determined in any desired direction. Two microwave antennas measure the intensity of radiation emitted by the atmosphere in the vicinity of the 22.225 GHz H 2 O emission line. The 23.8 GHz-channel is more a ected by water vapor, whereas measurements at 31.5GHz are more in uenced by liquid water. A linear combination of the two frequencies makes it possible to remove the contribution of cloud liquid water. As described in Wu 1979] , the brightness temperatures T1 and T2 of the two channels can be related to the tropospheric path delay L by L = a 0 + a 1 T 1 + a 2 T 2 . The constants a 0 , a 1 and a 2 are called inversion coe cients and can be calculated from radiosonde data acquired at the location, where the WVRs are operated. The rms of the WVR observations (mapped to the zenith) was of 0.6 cm.
Results
We have analyzed the December 1996 campaign GPS and WVR data using an in-house Square Root Information Filter (SRIF), like the one used in Gipsy Bierman 1977] . After processing the GPS data with Gipsy, we obtained the estimated tropospheric delays mapped to the zenith. For this purpose, we had Gipsy estimate the ZTD as well as the gradients and station positions and clocks. The post-t residuals were then combined with the delays consistent with the estimated parameters to obtain the slant delay estimates. Thus, we have essentially used Gipsy to estimate the station clocks and positions and separate them from the other parameters.
Using the SRIF with a zenith delay drift rate of 0:3 cm= p h and a gradient drift rate of 0:03 cm= p h, we then obtained estimates of the zenith delays and slant-delay gradients from GPS and WVR data (called sd-gradients henceforth). The cut-o elevation angle was of 7 o . In the case of GPS data this was done as a check, since the estimates produced by Gipsy were expected and obtained. The results are illustrated in Figures 3 and 4 and Tables 1 and 2. In the comparison WVR/GPS (see gure 5) we are comparing WVR wet gradients to GPS total gradients corrected using HIRLAM dry gradients.
Finally, we have attempted to compare HIRLAM's estimates of wet and dry zd-gradients (obtained using the ZWD and pressure elds and usingZ = H G ) with the ones deduced from the GPS and WVR data (GPS estimates a total gradient, while WVR is only sensitive to wet gradients). We have found almost no correlation in the dry components. This is probably due to the noise in the WVR data (estimated at 0.6 cm). Some correlation was found in the GPS/HIRLAM wet comparison (correlations were 0.12 and 0.17 for G N and G E respectively). Note, at any rate, that the average gradients obtained have similar sizes,and that, as a rule, dry gradients are smaller that wet ones (see Table 3 ).
Conclusions
We have checked the consistency of zenith wet delays and gradient estimations using GPS and WVR data, with the goal of preparing the ground for tomographic analysis of the data. We have veri ed that HIRLAM's estimates of wet and dry zd-gradients do not match very well the experimental data, probably re ecting both experimental error and HIRLAM mismodeling. Correcting GPS total sd-gradients with HIRLAM dry sd-gradients did not improve the WVR/GPS comparisons noticeably.
The comparisons between GPS and WVR gradient estimates have been satisfactory, and we anticipate that some valid tomographic inversions will be done by our group in the near future. 
